Background: Radiotherapy after breast conservation has become the standard of care. Prior meta-analyses on effects of radiotherapy predated availability of gene expression profiling (GEP) to assess recurrence risk and/or did not include all relevant outcomes. This analysis used GEP information with pooled individual-level data to evaluate the impact of omitting radiotherapy on recurrence and mortality. Methods: We considered trials that evaluated or administered radiotherapy after lumpectomy in women with low-risk breast cancer. Women included had undergone lumpectomy and were treated with hormonal therapy for stage I, ERþ and/or PRþ, HER2À breast cancer with Oncotype scores no greater than 18. Recurrence-free interval (RFI), type of RFI (locoregional or distant), and breast cancer-specific and overall survival were compared between no radiotherapy and radiotherapy using adjusted Cox models. All statistical tests were two-sided. Results: The final sample included 1778 women from seven trials. Omission of radiotherapy was associated with an overall adjusted hazard ratio of 2.59 (95% confidence interval [CI] ¼ 1.38 to 4.89, P ¼ .003) for RFI. There was a statistically significant increase in any first locoregional recurrence (P ¼ .001), but not distant recurrence events (P ¼ .90), or breast cancer-specific (P ¼ .85) or overall survival (P ¼ .61). Five-year RFI rate was high (93.5% for no radiotherapy vs 97.9% for radiotherapy; absolute reduction ¼ 4.4%, 95% CI ¼ 0.7% to 8.1%, P ¼ .03). The effects of radiotherapy varied across subgroups, with lower RFI rates for those with Oncotype scores of less than 11 (vs 11-18), older (vs younger), and ERþ/PRþ status (vs other). Conclusions: Omission of radiotherapy in hormone-sensitive patients with low recurrence risk may lead to a modest increase in locoregional recurrence event rates, but does not appear to increase the rate of distant recurrence or death.
Over the last two decades, breast cancer survival has steadily improved, in part due to early detection, use of new treatment agents, and more intensive regimens (1) . With increasing knowledge of molecular heterogeneity, there is a growing recognition that certain subgroups of breast cancer patients may have comparable benefits and lower burden with less, rather than more, treatment (2) (3) (4) .
A 2011 meta-analysis of 17 randomized clinical trials conducted by the Early Breast Cancer Trialists' Collaborative Group (EBCTCG) found that although radiotherapy after breast-conserving surgery reduced overall recurrence rates in nodenegative patients, it only provided a modest survival benefit, and that benefit appeared confined to subsets of patients who experienced a 10% or greater reduction in local recurrence with radiotherapy (2) . Additionally, reduction in recurrence varied by age and tumor characteristics (2) . For instance, one of the trials that enrolled women aged 70 years and older concluded that radiotherapy might be safely omitted in older patients with hormone-sensitive breast cancer who are willing to accept a slightly higher risk of local recurrence (3) .
However, understanding factors associated with recurrence risk has dramatically evolved since the 2011 EBCTCG analyses. Molecular tumor markers and gene-expression profiling (GEP), especially for hormone-sensitive breast cancer, are now the standard of care for chemotherapy decision making. Further, GEP is increasingly demonstrated as prognostic for locoregional recurrence, supporting its potential to identify patients at the lowest risk of recurrence where radiotherapy might be reasonably omitted. A recent retrospective study of tumor genomic profiling of specimens from two older trials demonstrated a statistically significant association between locoregional recurrence rates and recurrence-risk scores (5) . Unfortunately, that study did not examine the effects of radiotherapy and other outcomes important in treatment decision making, such as distant recurrence and mortality. It has become increasingly difficult to conduct new randomized trials to compare broad outcomes related to radiotherapy in all clinically relevant subgroups, given the large sample sizes required with low event rates, increasingly effective hormonal therapy regimens, and the long follow-up required to capture any late distant events (3) .
To help fill current gaps in clinical practice, this study determined the effect of radiotherapy on locoregional and distant recurrence and breast cancer-specific and all-cause mortality conditional on genomic risk assessments in a pooled analysis of breast cancer patients from seven clinical trials (3, (6) (7) (8) (9) (10) (11) . Our results are intended to inform clinical debates about care for groups that might consider omission of radiotherapy and to highlight considerations for the efficient design of future clinical trials.
Methods

Data Sources
Members of the Cancer Intervention and Surveillance Modeling Network (CISNET) Breast Cancer Working Group conducted this study in collaboration with the National Cancer Institute (NCI) Breast Cancer Steering Committee's Breast Oncology Local Disease (BOLD) Task Force, and clinical trial investigators from the seven clinical trials. The study was considered exempt by the Georgetown University Oncology Institutional Review Board because it used de-identified secondary data released for research purposes under NCI data-sharing policies.
Study Design and Population
We adapted the inclusion criteria from a recent clinical trial proposed by NRG Oncology to evaluate omission of radiotherapy after breast conservation among patients aged 40-74 years with low-risk breast cancers with planned hormonal therapy and no chemotherapy. "Low-risk" cancers were defined as AJCC (version 6) primary invasive stage I disease ( 2 cm pathological tumor size, pathologically/clinically node-negative) (12) , estrogen receptor (ER)-positive and/or progesterone receptor (PR)-positive, and human epidermal growth factor-2 (HER2) negative or unknown. An additional eligibility criterion was Oncotype DX score of no more than 18 ( Figure 1 ).
Data Collection
Seventeen trials were included in the 2011 Oxford meta-analysis of the effects of radiotherapy (2) . Of these, we considered the seven trials categorized as "evaluating the need for radiotherapy after lumpectomy in low-risk patients" (3, (6) (7) (8) (9) (10) (11) (13) (14) (15) . Detailed information about the trials is included in Supplementary  Table 1 (available online) .
Study Endpoints
The primary endpoint was recurrence-free interval (RFI) (16, 17) , and included time from random assignment/enrollment to any occurrence of local (invasive), regional, or distant recurrence, or breast cancer death. This endpoint was censored at the time of contralateral breast cancer, other second primary cancers, or other-cause death.
Secondary endpoints were RFI by type of recurrence (locoregional or distant), overall survival (time from random assignment/enrollment to death), and breast cancer-specific survival (time from random assignment/enrollment to breast cancer death). The patients were followed up to 10 years because many trials did not follow patients for recurrence beyond this period. Published TAILORx data were truncated at five years (8), so we utilized the same length of follow-up for that trial.
Intervention and Covariates
Radiotherapy (yes/no) was the intervention of interest. Other factors examined as potential covariates or subgroups were patient age, tumor grade (low/moderate/high/unknown), ER and PR status (ERþ and PRþ/other), HER2 (negative/unknown), initial hormonal treatment (tamoxifen/aromatase inhibitors/other), tumor size (<1 cm/>1 cm), trial, and Oncotype DX score.
Statistical Analysis
The primary analysis was conducted by combining data from the trials into a summary effect for radiotherapy without weighting (18, 19) . Prior to pooling the data, the study-specific effects of radiotherapy were estimated, and homogeneity was examined using the Cochran Q test. Because the trials were not homogeneous in effect, trial was included as a covariate in subsequent analyses.
The TAILORx trial included Oncotype data and was published after the 2011 Oxford overview (2, 8) . Therefore, except for patients in the TAILORx study, Oncotype scores (0-100) were imputed for the other six trials using a deterministic regression-based multiple imputation approach (20) and a population-based donor dataset with Oncotype scores (Supplementary Methods, available online) (21, 22) . The imputation model included age, tumor size, grade, radiation, and ER/PR and HER2 status. Coefficients and standard errors from all analyses were adjusted for variability between imputations according to the combination rules outlined by Rubin (1987) (20) .
We examined the distribution of patient characteristics overall, by radiotherapy and study. After individual data were pooled and study-eligible patients selected, the women in the final analytic sample were no longer randomly assigned to radiotherapy. This resulted in an imbalance in baseline characteristics between the no-RT vs RT groups. Therefore, multivariable Cox proportional hazards models were used to examine study endpoints and derive survival plots by radiotherapy, adjusting for other covariates. The primary test statistic for multiple imputation estimates was a Student t test with the degrees of freedom depending on the number of imputations and the increase in variance of estimates due to missing data; the results were considered statistically significant if the two-sided P value was less than .05. All models consistently supported the assumption of proportional hazards and Cox-Snell residuals indicated good model fit. Analyses were repeated to determine the effects of radiotherapy on secondary outcomes. The adjusted five-and 10-year RFI and breast cancer-specific and allcause survival rates were calculated using adjusted Cox proportional hazards models. All statistical tests were two-sided.
Subgroup Analyses
Exploratory analyses were conducted to evaluate the effects of radiotherapy within subgroups based on age at random assignment/enrollment (<60/60-70/70þ years), hormone receptor status (ERþ and PRþ/other), Oncotype (0-10/11-18), grade (low and intermediate/high), and tumor size ( 1 cm/>1 cm).
Sensitivity Analyses
We evaluated RFI, locoregional RFI, and distant RFI using competing risk models to estimate subdistribution hazard ratios and 95% confidence intervals considering other-cause mortality as a competing event using the methods described by Gray (23) . In competing risk analyses, differences in endpoints were adjusted for potential risk factors with statistical significance determined using a two-sided Wald test.
We also performed a propensity score analysis of radiotherapy effect on RFI and type of RFI. A logistic regression model estimated the propensity to receive radiotherapy, given patient characteristics and study and interaction terms (Supplementary Methods, available online). The results were then used to calculate inverse-probability-of-treatment-weighted estimates in Cox models.
We examined the effects of radiotherapy on endpoints excluding women from NSABP B-14, B-20, and TAILORx trials, the three trials where receipt of radiotherapy was not randomized. A second sensitivity analysis examined the effect of including older women (74 years and older). Adjusted RFI hazard ratios (HRs) were also estimated with data truncated at five and nine years.
Results
Trials and Patient Characteristics
Of the trials (3, (6) (7) (8) (9) (10) (11) (13) (14) (15) considered for the analysis, we excluded women if chemotherapy was included in the trial arm (n ¼ 1) (15), information on ER/PR status was not provided (n ¼ 1) (14), and/or the study could not provide individual-level data (n ¼ 1) (13) . The final sample included 1778 women from seven trials. The mean age of women in the sample was 59 years (median ¼ 59, range ¼ 40-74 years), with 50.8% younger than 60 years (Table 1) ; 64.4% received tamoxifen. Women who did not receive radiotherapy were older or had smaller tumor sizes than those who received radiotherapy. The mean Oncotype DX score among eligible women was 10 (median ¼ 10, SD ¼ 4, range ¼ 0-18). The five-year RFI rates across the trials included in the analysis were low and comparable (range ¼ 92.3-98.9%) (Supplementary Table 6 , available online).
Primary Endpoint-RFI
Omission of radiotherapy was associated with approximately a 2.5-fold increase of any occurrence of locoregional, distant recurrence or breast cancer death (adjusted RFI HR ¼ 2.59, 95% CI ¼ 1.38 to 4.89; P ¼ .003) ( Table 2 ). The adjusted five-year RFI rate with radiotherapy was 97.9% compared with 93.5% without radiotherapy (absolute difference ¼ 4.4%, 95% CI ¼ 0.7% to 8.1%; P ¼ .03) (Figure 2A ). The adjusted 10-year RFI rate with radiotherapy was 95.3% and 86.1% without radiotherapy (absolute difference ¼ 9.2%, 95% CI ¼ 1.8% to 16.6%, P ¼ .02).
Omission of radiotherapy statistically significantly increased the risk of locoregional recurrence events (adjusted HR ¼ 3.91, 95% CI ¼ 1.81 to 8.45, P ¼ .001), but not the risk of distant recurrence (P ¼ .90) ( Table 2 ). The adjusted five-year locoregional RFI rate with radiotherapy was 98.6% compared with 93.7% without radiotherapy (absolute difference ¼ 4.9%, 95% CI ¼ 2.5% to 7.2%, P < .001), whereas the 10-year adjusted rate with radiotherapy was 96.6% and 85.5% without radiotherapy (absolute difference ¼ 11.1%, 95% CI ¼ 6.8% to 15.4%, P < .001). The results were unchanged in propensity score weighted and competing risk analyses (Table 2) .
Overall and Breast Cancer-Specific Survival
Radiotherapy was not statistically significantly associated with overall (P ¼ .61) or breast cancer-specific survival (P ¼ .85) ( Table 2 ). The adjusted five-and 10-year overall survival rates were 96.8% and 88.2% with radiotherapy compared with 97.3% and 90.1% without radiotherapy, respectively (absolute difference at five years ¼ À0.5%, 95% CI ¼ À4.8% to 3.8%, P ¼ .39, 10 years ¼ À1.9%, 95% CI ¼ À16.5% to 12.7%, P ¼ .39) ( Figure 2B ). The adjusted five-year breast cancer-specific survival rate with radiotherapy was 99.2% and 99.1% without radiotherapy (absolute difference ¼ 0.1%, 95% CI ¼ À1.3% to 1.5%, P ¼ .40).
Subgroup Analyses
The adjusted RFI hazard ratios and five-year rates by radiotherapy tended to vary by patient characteristics ( Table 3 ). The differences in RFI rates for omission of radiotherapy followed a similar pattern, with smaller absolute differences in RFI rates in the lower risk subgroups compared to the higher risk subgroups.
Sensitivity Analyses
Exclusion of the three trials where radiotherapy was not randomized (B-14/B-20/TAILORx trials), exclusion of the TAILORx trial only, use of different study follow-up, or differences in ages included in the sample did not substantially change the results (Table 4) .
Discussion
This study extends prior research to examine the effects of omitting radiotherapy in breast cancer patients aged 40-74 years who are at low risk of recurrence based on information about molecular subtypes and tumor gene expression profiles. Although the absolute differences in RFI rates were small, results indicated that omitting radiotherapy would increase the risk of recurrence, even in a group defined as low risk by gene expression profile. This result is largely due to a statistically significant increase in locoregional recurrence events with omission of radiotherapy, with no statistically significant effect on distant recurrences or death. However, there may be patient subgroups within the low-risk population where it may be reasonable to consider omitting radiotherapy, such as those with the lowest Oncotype scores or low tumor grade. Finally, there was no statistically significant effect of radiotherapy on distant recurrence, breast cancer-specific mortality, or all-cause mortality, suggesting that this is an appropriate population for the investigation of radiotherapy omission among women willing to tolerate a modest increased risk of locoregional recurrence.
The recent EBCTCG meta-analyses of 10 801 patients from 17 trials demonstrated that omission of radiotherapy increased the five-year risk of any breast cancer recurrence in nodenegative women from 10.6% to 22.5% (absolute difference ¼ 11.9%) (2). In contrast, by only focusing on hormone-sensitive breast cancers with favorable prognosis further defined by estimated Oncotype scores, we found that omission of radiotherapy increased the 5-year risk of any recurrence by a more modest absolute difference of 4.4%. Further, our analysis showed that the vast majority of recurrences prevented by radiotherapy are clinically salvageable locoregional events rather than distant metastases (5, 13) . The effect of radiotherapy on the absolute differences of RFI and locoregional RFI increased with increasing follow-up. Locoregional recurrences are known to occur later in follow-up especially among ER-positive tumors. Therefore, the benefits of radiotherapy on reducing the risk of locoregional recurrence may increase with even longer-term follow-up than included in this analysis. Radiation-induced harms will also be more likely to be observed with longer follow-up.
The pooled analysis included seven clinical trials relevant for evaluating the risk of omitting radiotherapy in low-risk breast cancer. In contrast to previous studies, the majority of women included in the current analysis were younger (<60 years) and diagnosed after year 2000, allowing us to evaluate the likely effects of omitting radiotherapy in younger women with low Oncotype scores. Although studies were selected for using modern radiotherapy regimens and ARTICLE most of the women included in this study were diagnosed after the year 2000, medical care and breast cancer treatment have changed over the past 20 years, potentially limiting the generalizability of the study findings to current populations.
The results of the subgroup analyses for RFI with omission of radiotherapy were consistent with past studies showing that certain subgroups have sufficiently low recurrence risks to potentially opt out of radiation (2) . Although the rate of events observed was low and the original studies were not powered to detect subgroup effects, the trends in absolute differences in the pooled data suggest that there may be lower risk categories within subgroups defined by age, Oncotype, tumor size, hormonal status, and/or grade where the increase in recurrence is sufficiently small (and primarily locoregional) without radiotherapy. In these cases, decisions about use of radiotherapy might be preference-based. These results suggest that future trials should consider including sufficiently large samples in subgroups to detect relevant differences in primary endpoints and to collect data on patient preferences for study outcomes.
The results of this pooled data analysis were robust, but several caveats should be considered in evaluating the findings. First, when data were combined, radiotherapy was either no longer randomly assigned or may not have been randomly assigned in the original trial. The selection of patients to radiotherapy and/or imbalance of any unmeasured covariates by radiotherapy group could have biased results. However, results of the propensity-weighted analyses were similar to unweighted analyses and findings from the pooled sample were similar to prior published studies (7, 14, 24) and the Oxford Overview (2) for comparable populations, so the results are not likely to be spurious. Second, we could not assess the effect of radiotherapy among postmenopausal women receiving aromatase inhibitors. Future research might consider whether aromatase inhibitors lower the risk of recurrence sufficiently more than tamoxifen such that omission of radiotherapy might not lead to an elevated risk of recurrence events. Here, 64% of women younger than 60 years received tamoxifen; and there were too few patients aged 40-49 years to estimate radiotherapy effects separately for premenopausal patients. The younger women were predominantly from the TAILORx trial and systematically different to other patients in this age group from older trials. Next, we could not differentiate clinically from pathologically determined node status among women enrolled in certain trials. However, given that the majority of women included in the trials required or included pathologically determined nodenegative status (52%), we do not expect our findings to differ by clinical vs pathological node status. Finally, we did not impute missing HER2 information for this analysis, assuming that HER2 was missing at random and independent of time-toevents. The magnitude and direction of potential biases introduced by missing HER2 data are unknown.
Another consideration is that Oncotype results were imputed because they were not available in the original trials (except for TAILORx) (8) . We employed a population-based donor dataset (22) , and a deterministic regression-based multiple imputation approach (20) , to estimate missing Oncotype scores. Although the distribution of observable patient characteristics between the population-based donor dataset and the pooled clinical trial dataset were comparable, women eligible for clinical trials could differ from population-based data in terms of eligibility, compliance, and other unobservable characteristics. As a result, even though our imputation was robust, it may have not removed all bias due to missing data. Additionally, women receiving Oncotype testing in the population-based registry mostly included women with low-and intermediate-risk cancers (21, 22) . However, women enrolled in these trials were selected to participate in the trials without knowledge of Oncotype; therefore they may have had higher or lower scores than the source population from which they were drawn. Hence it is not possible to infer the impact of the Oncotype score imputation on misclassification and bias.
Finally, even in this large pooled sample there were few events, limiting power to detect statistically significant ARTICLE differences in radiotherapy effects in subgroups. However, the trends in absolute differences in RFI rates were consistent with clinical expectations. The trials included did not explicitly consider any excess deaths due to radiotherapy-induced lung cancer or cardiovascular disease, so we could not directly assess the impact of radiation-induced harms (4) . However, these would have likely been captured in the analysis as other-cause deaths, and radiotherapy did not decrease overall survival. Although these effects are uncommon, especially among nonsmokers (4), it will be important to specifically capture these events in future trials to more completely understand the balance of benefits and harms of radiotherapy in low-risk patients. Overall, the results of this pooled analysis suggest that omission of radiotherapy after breast conservation in hormone-sensitive, low-risk patients could lead to higher relative differences, but small absolute differences in RFI rates. Clinical decision making is usually based on absolute differences. Moreover, omission of radiotherapy does not appear to increase distant recurrences or early death in this low-risk population. Future trial design with modern clinical management should consider focusing on subgroups within the population presently considered low risk for recurrence to determine if there are those who can safely omit radiotherapy after breast conservation.
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